1. The oxidation of NADH or succinate by Jerusalem-artichoke (Helianthus tuberosus L.) mitochondria in the presence of chlortetracycline induced an increase in chlortetracycline fluorescence. 2. Any treatment that prevented the formation of a transmembrane potential (as monitored by changes in safranine absorbance, A511 -A533), e.g. uncoupling with carbonyl cyanide p-trifluoromethoxyphenylhydrazone, inhibition of dehydrogenase activity or electron transport, anaerobiosis or depletion of substrate, prevented the increase in chlortetracycline fluorescence or caused it to disappear. Changes in chlortetracycline fluorescence were always slower than changes in the safranine absorbance. 3. The increase in chlortetracycline fluorescence caused by succinate oxidation had an excitation maximum at 393 nm, indicating that a Ca2+-chlortetracycline complex was involved. The increase in fluorescence was observed even in the presence of EDTA, which removes all external bivalent cations, indicating that internal Ca2+ is mobilized. 4. Although NADH and succinate oxidations gave the same membrane potential and qualitatively had the same effect on chlortetracycline fluorescence, NADH oxidation caused a much larger (over 3-fold) increase in chlortetracycline fluorescence than did succinate oxidation. It is possible that this is connected with the Ca2+-dependence ofNADH oxidation. 5. In the presence of 2 mm external Ca2 , chlortetracycline collapsed the transmembrane potential and uncoupled succinate and duroquinone oxidation.
INTRODUCTION
Chlortetracycline is a complex antibiotic with four fused partly unsaturated six-carbon rings with a number of substituents, one of which is a chlorine atom, hence the name. Its complex with bivalent cations is strongly fluorescent in non-aqueous surroundings such as methanol (Caswell & Hutchison, 1971) , phospholipid membranes (Deev et al., 1980) or biological membranes isolated from animals (Caswell, 1972; Schaffer & Olson, 1976) or plants (M0ller, 1983a) . Chlortetracycline has been used extensively in the study of bivalent-cation binding to and transport across mammalian membranes (see, e.g., Caswell, 1972; Luthra & Olsen, 1976) . In plants, chlortetracycline has been used to study the localization of membrane-bound Ca2+ in intact cells (Wagner & Rossbacher, 1980; Saunders & Hepler, 1981 or to investigate membrane-bound bivalent cations in isolated plant mitochondria (M0ller, 1983a, b; M0ller et al., 1983) .
Plant mitochondria are isolated with both Mg2+ and Ca2+ bound to their membranes. The removal of these bivalent cations can be observed by the combined use of chelators and either 9-aminoacridine fluorescence (M0ller et al., 1981b) or chlortetracycline fluorescence (M0ller, 1983a) . In the presence of added Ca2 , chlortetracycline inhibits the uncoupled oxidation of NADH (M0ller et al., 1983) , which is Ca2+-dependent (Coleman & Palmer, 1971; Cowley & Palmer, 1978; ; Moore & Akerman, 1982) . All of these measurements have been performed on nonenergized mitochondria, but there are indications from the literature on mammalian mitochondria that energization may cause the development of additional chlortetracycline fluorescence (Luthra & Olson, 1976) . Such an effect would be particularly interesting in plant mitochondria, where Ca2+ movements relative to the inner membrane appear to occur during oxidation of exogenous NADH (M0ller et al., 1981b) . We have therefore investigated the effect of NADH and succinate oxidation on the development of chlortetracycline fluorescence and in parallel monitored the transmembrane potential by use of safranine (Akerman & Wikstr6m, 1976; Moore & Bonner, 1982; Diolez & Moreau, 1983) . A preliminary report of some of these results has been presented (M0ller, 1983b) .
MATERIALS AND METHODS Isolation of mitochondria
Mitochondria were isolated from Jerusalem-artichoke (Helianthus tuberosus L.) tubers bought in the market in a low-salt medium (0.3 M-sucrose/5 mM-Mops/KOH buffer, pH 7.2) as described by M0ller et al. (1981a I. M. M0ller, C. J. Kay and J. M. Pilmer (10 nm slit). A Schott GG 400 filter was inserted into the path of the excitation light. This filter cuts out most of the light below 380 nm and almost completely prevents the excitation of NADH, which would otherwise interfere with the measurements (see the Results section). In a few cases, where succinate was used as the substrate, the excitation wavelength was 380 nm and no filter was used (Figs. 1 and 3 ).
Spectra. Spectra were recorded by a SPEX Flurolog 222 instrument linked to a SPEX Datamate and a digital plotter. The emission wavelength was 520 nm and the excitation wavelength was scanned from 280 to 480 nm. All slits were 1.4 nm, and a 10 mm x 10 mm quartz fluorimeter cuvette was used.
In all cases the composition of the medium and the additions to the assays are given in the Figure legends . Monitoring of the transmembrane potential
The transmembrane potential was monitored by the use of changes in safranine absorption (Akerman & Wikstrom, 1976; Moore & Bonner, 1982) . No attempt was made to relate relative absorbance changes to membrane potential in mV. Absorbance changes were monitored at 511 nm -533 nm (2 nm slit) with an Aminco DW 2 spectrophotometer in the fast response mode. All measurements were performed in a glass cuvette with a 10 mm light-path. 
RESULTS
Succinate oxidation and the effect on chlortetracycline fluorescence When 50 ,#M-chlortetracycline was added to a suspension of Jerusalem-artichoke mitochondria in a low-salt medium, the fluorescence increased rapidly and stabilized after 2-3 min (Fig. 1 ). The addition of 10 mM-succinate caused a further increase in fluorescence, which was collapsed by the uncoupler FCCP ( Fig. 1) and by antimycin A (results not shown).
The excitation spectra of chlortetracycline under conditions similar to those of Fig. 1 are shown in Fig. 2 . FCCP clearly removed only the succinate-induced fluorescence (curves a and c are identical). The peak position of curves a, b and c (Fig. 2) was at 381-382 nm, whereas the succinate-induced fluorescence had a peak at 397 nm (curve b -a, Fig. 2) respectively. The position of this peak indicates that a Ca2+-chlortetracycline complex (peak at 390-392 nm in 90% methanol) is involved in the energization process rather than an Mg2+-chlortetracycline complex (peak at 375-379 nm in 90% methanol) (results not shown; Caswell, 1972) .
The addition ofEDTA to the mitochondrial suspension caused an almost complete disappearance of chlortetracycline fluorescence (Fig. 3) , owing to the removal of bound bivalent cations from the outer membrane and the outer surface of the inner membrane (M0ller et al., 1981b; M0ller, 1983a) . The addition of succinate nevertheless caused an enhancement of chlortetracycline fluorescence of a similar size to that observed in the absence of EDTA (Fig. 3) In the presence of NADH, chlortetracycline fluorescence increased, and this increase was collapsed by FCCP ( Fig. 4a) and by antimycin A (results not shown), just as was the case with succinate (Fig. 1) . In contrast with what was observed with succinate, EDTA completely prevented the NADH-induced increase in chlortetracycline fluorescence (Fig. 4b) , this being consistent with the inhibition of NADH by EDTA. Also, mersalyl, a potent inhibitor of NADH oxidation (Arron & Edwards, 1979 , prevented the NADH-induced increase in chlortetracycline fluorescence (Fig. 4b) . Thus there appeared to be a close connection between increase in chlortetracycline fluorescence and an active NADH oxidation. This was pursued in more detail by varying the rate of NADH oxidation through the use of different concentrations of NADH. In parallel, the energization of the mitochondrial inner membrane was monitored with safranine as described by Moore & Bonner (1982) and Diolez & Moreau (1983) .
The effect of NADH on chlortetracycline fluorescence increased with increasing concentration of NADH. Both the rate of increase as well as the size of the total increase were affected (Fig. 5) . When the rate of increase was plotted against the NADH concentration in a Lineweaver-Burk plot, a linear correlation was observed and the Km could be determined. It was 72 + 6 IsM for two separate preparations. The assay mixture contained 0.3 M-sucrose, 5 mM-Mops buffer, pH 7.2, 10 /uM-safranine, 2mM-CaCl2 and 0.31 mg of mitochondrial protein. Then succinate (final concentration 10mM) was added, and after the absorbance had stabilized chlortetracycine (CTC) was added at the concentrations indicated. The inset shows the maximal rate of decrease of safranine absorbance plotted against the chlortetracycline concentration (0). Also shown in the inset is the inhibition of NADH oxidation under similar conditions (0) except with 1 mM-NADH instead of succinate and about twice as high a protein concentration. The latter curve is taken from M0ller et al. (1983) .
When similar experiments were performed with safranine to monitor energization of the mitochondrial inner membrane, the rate of increase in safranine absorbance (roughly equivalent to the rate of formation of the membrane potential) was also correlated with the NADH concentration. The Km was determined to be 109 + 22 fzM for two separate preparations.
The increase in chlortetracycline fluorescence appeared to be connected with the formation of a transmembrane potential, and should therefore disappear when this potential disappeared. When a limited amount of NADH (100 /zM) was added to Jerusalem-artichoke mitochondria, the membrane potential (monitored by safranine absorbance changes) was formed within 1-2 min, and started disappearing again almost immediately as the mitochondria ran out of NADH (Fig.  6a ). Repeated and completely reversible cycles of energization/de-energization could be induced with no change in the ultimate size of the membrane potential (Fig. 6a) . Note that, when 1 mM-NADH (Fig. 7a) was used, the membrane potential was similar to that observed with 100 ,sM-NADH, but it was quite stable for several minutes.
With chlortetracycline it was also possible to observe repeated cycles of fluorescence increase and decrease as NADH was added, oxidized and exhausted; however, the peak height decreased gradually with recurrent cycles (Fig. 6b) .
Similarly, the safranine absorbance as well as the chlortetracycline fluorescence decreased upon anaerobiosis, and was restored (that of safranine completely, that of chlortetracycline partly) upon vigorous mixing of the assay solution to make it aerobic (results not shown).
The membrane potentials observed with 10 mMsuccinate and 1 mM-NADH were the same (Fig. 7a) , whereas NADH induced a more rapid and much larger increase in chlortetracycline fluorescence than did succinate ( Fig. 7b ; more than 3-fold in four different preparations). It was particularly characteristic that above 0.1 mM-NADH a second and linear phase appeared in the time course of chlortetracycline fluorescence (Figs. 5 and 7b) . Chlortetracycline collapses the membrane potential in the presence of Ca2+
We have previously reported that the addition of Ca2+ to mitochondria in the presence of chlortetracycline Vol. 237 (1) increased fluorescence by up to 9-fold, (2) caused up to 5000 of the chlortetracycline to pellet with the mitochondria, and (3) caused an almost complete inhibition of NADH oxidation (M0ller et al., 1983) . We can now add one more feature to this: chlortetracycline collapses the membrane potential produced by succinate (Fig. 8 ) and duroquinol (results not shown) oxidation in the presence of 2 mM-CaCl2 as well as uncoupling the oxidation (results not shown). The effect appears to require a threshold concentration of chlortetracycline (Fig. 8 inset) . It should be noted that CaCl2 by itself induced a small transmembrane potential across the mitochondrial inner membrane and that this potential was caused by Ca2+, as CaSO4 had the same effect as CaCl2 (Fig. 9) .
DISCUSSION Chlortetracycfine fluorescence and substrate oxidation
In the absence of substrate oxidation, chlortetracycline fluorescence increased in the presence of Jerusalemartichoke mitochondria (Fig. 1) and the fluorescence disappeared when EDTA was added (Fig. 3) . This fluorescence is caused by bivalent cations, both Ca2+ and Mg2+, bound to the membranes of the mitochondria (M0ller et al., 1981b; M0ller, 1983a) . Although an increase in chlortetracycline fluorescence has also been observed in the presence of mammalian mitochondria in the absence ofadded substrate, it was not EDTA-sensitive (Luthra & Olson, 1976) . However, this chlortetracycline fluorescence was partly collapsed by both FCCP and antimycin A (Luthra & Olson, 1976) , suggesting that the mitochondria were energized after all.
Substrate oxidation by Jerusalem-artichoke mitochondria caused an additional increase in chlortetracycline fluorescence that was dependent on the development of a transmembrane potential across the mitochondrial inner membrane. This interpretation is supported by the following evidence. (1) Inhibition of NADH oxidation with mersalyl (Fig. 4) , EDTA or antimycin A or inhibition of succinate oxidation by antimycin A prevented the fluorescence increase. (2) Uncoupling of the respiration with FCCP removed the fluorescence increase completely (Figs. 1-3 ) or prevented it from appearing. Both (1) and (2) have been reported repeatedly for the effect of succinate oxidation on chlortetracycline fluorescence in mammalian mitochondria (Caswell & Hutchison, 1971; Schuster & Olson, 1974; Luthra & Olson, 1976) or submitochondrial particles (Schuster & Olson, 1973) . (3) The Km (NADH) for the rate of increase in chlortetracycline fluorescence was similar to that for NADH oxidation (Fig. 5; M0ller & Palmer, 198 la) . (4) The rate of induction of chlortetracycline fluorescence and rate of formation of a transmembrane potential (as monitored by safranine absorbance) had approximately the same Km. (5) The induction of chlortetracycline fluorescence by NADH oxidation was reversible during several cycles of substrate oxidation and subsequent substrate depletion (Fig. 6b) and anaerobiosis followed by stirring (results not shown), as was the transmembrane potential (Fig.  6a) . Both of these effects have been observed on mammalian mitochondria (Schuster & Olson, 1973 , 1974 .
It therefore appears as if chlortetracycline fluorescence can be used for monitoring membrane energization in plant mitochondria. However, several differences are apparent between the results obtained with chlortetracycline and those with safranine. In general, the response of chlortetracycline fluorescence was slower than that of safranine absorbance. This is clearly seen in Fig. 7 , where the development of chlortetracycline fluorescence took about 2 min (140, 110 and 11O s for the three cycles) and the subsequent disappearance of fluorescence more than 10 min (Fig. 6b) . The corresponding values for safranine absorbance was 1.0-1.5 min (90, 60 and 60 s) and about 3 min respectively (Fig. 6a) . Likewise , the collapse of the transmembrane potential caused by FCCP was rapid (complete within 20 s; results not shown) whereas the chlortetracycline fluorescence took minutes to disappear (Fig. 1) . The latter has also been reported for mammalian mitochondria (see, e.g., Caswell & Hutchison, 1971; Schuster & Olson, 1974) , although a rapid response may also be observed (Schuster & Olson, 1974) . The collapse of the chlortetracycline fluorescence upon addition of FCCP was always followed by a loss of bivalent cations from the mitochondria (Schuster & Olson, 1974) .
The sizes of the membrane potential induced by succinate and NADH oxidation in Jerusalem-artichoke mitochondria were identical (Fig. 7a) , which is consistent with previous results on other types ofplant mitochondria (Moore et al., 1978; Berville et al., 1984) . In contrast, NADH caused a much larger increase in chlortetracycline fluorescence than did succinate (Fig. 7b) . The chlortetracycline fluorescence induced by high concentrations of NADH (Figs. 5 and 7b) also had different kinetics from that induced by succinate (Figs. 1, 2 and 7b) . Such a marked difference in the kinetic respons9' of chlortetracycline fluorescence to the oxidation of different substrates has not, to our knowledge, been reported for mammalian mitochondria. It may be connected with the special properties of external NADH oxidation of plant mitochondria (see below).
Involvement of Ca2+ in chlortetracycline fluorescence
The spectrum ofthe succinate-induced chlortetracycline fluorescence in the presence of Jerusalem-artichoke mitochondria (393 nm, Fig. 2 ) indicated that it was caused bya Ca2+-chlortetracyclinecomplex (390-392 nm) rather than by an Mg2+-chlortetracycline complex (375-379 nm, results not shown; Caswell, 1972) . The Ca2+ appears to be sequestered from the matrix, since EDTA did not abolish the effect (Fig. 3) . On the basis of the lag observed before maximal rates of NADH oxidation are reached and the way in which NADH oxidation is protected against inhibition by chelators added during NADH oxidation, we have proposed that Ca2+ is locked into place during the initial stages of NADH oxidation (M0ller et al., 1981b) . Under the conditions used in the experiments presented in Fig. 7 (b) (low cation concentrations), it will take NADH oxidation more than 1 min to reach the maximal rate (see Fig. 1 of M0ller et al., 198 
lb).
Within this time, the rapid phase of increase in chlortetracycline fluorescence observed with NADH was complete and the increase induced in chlortetracycline fluorescence was more than twice that observed with succinate (Fig. 7b) . This is certainly consistent with the suggestion that Ca2+ is locked into place during the initial stages of NADH oxidation. It should be noted, however, that the lags in NADH oxidation were observed with uncoupled mitochondria (Moller et al., 1981b) , which do not show any NADH-induced chlortetracycline fluorescence (Fig. 4) .
We have previously observed that chlortetracycline in combination with added Ca2+ caused a massive inhibition of uncoupled oxidation of external NADH (see Fig. 8 ). This inhibition was suggested to be caused by a neutral 2: 1 Ca2+-chlortetracycline complex concomitant with a large uptake of chlortetracycline into the mitochondria (M0ller et al., 1983) . Uncoupled oxidation of succinate (M0ller et al., 1983) or duroquinol (M0ller et al., 1984) was only marginally inhibited by Ca2+ plus chlortetracycline, which indicated that the effect was specific for the Ca2+-dependent NADH dehydrogenase. However, when chlortetracycline plus Ca2+ were added to mitochondria oxidizing succinate or duroquinol an uncoupling was observed (results not shown). This was confirmed by using safranine: the membrane potential induced by succinate oxidation was rapidly collapsed at chlortetracycline concentrations above 20 /M (Fig. 8) . Chlortetracycline also uncouples Ca2+-loaded mitochondria in the permeabilized cells of the ciliate Tetrahymena pyriformis (Kim et al., 1985) . The inhibition of NADH oxidation by chlortetracycline was observed at lower concentrations than was the uncoupling ( Fig. 8 ; note that the protein concentration was almost twice as high in the inhibition experiments). It is possible that the uncoupling is caused by some kind of ionophoric effect of chlortetracycline. In mammalian mitochondria loaded with 45Ca2+ and exposed to external Ca2 , chlortetracycline at concentrations above 20 /M caused a rapid efflux of labelled Ca2+ (Luthra & Olson, 1978) . Kim et al. (1985) suggested that chlortetracycline sets up an electroneutral Ca2+ efflux across the inner membrane of T. pyriformis mitochondria and that this, in conjunction with the operation of a uniport for Ca2+ uptake, causes a recycling of Ca2+ and a concomitant collapse of the membrane potential. Such a mechanism would be fully consistent with our results.
